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transfer enzyme was shown to be required for peptide bond formation (6, 7).
To determine the minimum chain length of mRNA required for codeword recognition and to test the ability of chemically defined oligonucleotides to induce C"-aminoacyl-sRNA binding to ribosomes, we have devised a rapid method of detecting this interaction and have found that trinucleotides are active as templates.
Methods
Preparation, purification, and characterization of oligonucleotides. To obtain oligonucleotides with different terminal groups, polyA, polyU, and polyC (12) were digested as follows: (i) Oligonucleotides with 5'-terminal phosphate; 100 mg of polynucleotide were incubated at 37?C for 18 hours in a 28-ml reaction mixture containing 29mM tris, pH 7.2; 0.18mM MgCI2; 0.23mM 2-mercaptoethanol; 8.0 mg crystalline bovine albumin and 0.5 mg pork liver nuclease (13) . (ii) Oligonucleotides with 3'(2')-terminal phosphate; 100 mg of polynucleotide were incubated at 37?C for 24 hours in 20 ml of 7.0M NHiOH. (iii) Oligonucleotides without terminal phosphate; Oligonucleotides with terminal phosphate were treated with Escherichia coli alkaline phosphatase (14) free of diesterase activity as described by Heppel et al. (15) .
Oligonucleotide fractions were separated on Whatman 3 MM paper by chromatography with solvent A (H20: n-propanol:NH3, 35:55:10, by volume) for 36 hours (fractions with terminal phosphate) or for 18 hours (fractions without terminal phosphate). This procedure fractionates oligonucleotides containing less than eight nucleotide residues according to chain length. Oligonucleotides were eluted with H20 and further purified on Whatman 3 MM paper by electrophoresis at pH 2.7 (0.05M ammonium formate, 80 v/cm for 15 to 30 minutes).
After elution the purity of each fraction was estimated by subjecting 2.5 A20 units of each to paper chromatography (Whatman 54 paper) both with solvent A and with solvent B (40 g ammonium sulfate dissolved in 100 ml 0.1M sodium phosphate, pH 7.0). In addition 3.0 A260 units of each oligonucleotide were subjected to chromatography on Whatman DE 81 (DEAE) paper with solvent C (0.1M ammonium formate), and 3.0 A260 units with solvent D (0.3M ammonium formate). The four chromatographic systems described separate homologous series of oligonucleotides according to chain length. Contaminating oligonucleotides present in amounts greater than 2 percent could be detected. Several preparations of each oligonucleotide were used during the course of this study. In almost all preparations, no contaminants were de- Base composition and position of terminal phosphate were determined by digesting 2.0 A260 units of each oligonucleotide preparation with 3.5 X 103 units of T2 ribonuclease (16) in 0.1M NH4HCO3 at 37?C for 2.5 hours. The nucleotide and nucleoside products were separated by electrophoresis at pH 2.7 and identified by their mobilities and ultraviolet spectra at pH 2.0. Oligonucleotides with 5'-terminal phosphate yielded the appropriate 5'-3'(2')-nucleoside diphosphate, 3'(2')-nucleoside monophosphate, and nucleoside. From the ratio of these compounds, the average chain length of the parent oligonucleotide was calculated. Since oligonucleotides with 3'(2') -terminal phosphate yielded only the appropriate 3'(2')-nucleoside monophosphate (confirming its structure), terminal and total inorganic phosphate was determined (15, 17) in order to estimate the average chain length of each.
Oligo-d(pT) and oligo-d(pA) fractions were prepared and characterized by B. F. C. Clark as described previously (18). The UpUpUp with 3'- imum binding, and incubation for 3 minutes at 24?C or 30 minutes at 0?C for rate studies. After incubation, tubes were placed in ice and each reaction was immediately diluted with 3 ml of buffer containing 0.10M tris-acetate, pH 7.2; 0.02M magnesium acetate; and 0.05M KC1, at 0? to 3?C. A cellulose nitrate filter (HA Millipore filter, 25 mm diameter, 0.45u pore size) in a stainless steel holder was washed under gentle suction with 5 ml of buffer at 0? to 3?C. The diluted reaction mixture was immediately poured on the filter under suction and washed to remove unbound C'4-aminoacyl sRNA with three, 3-ml portions of buffer at 0? to 3?C. Ribosomes and bound sRNA remained on the filter. Since reaction mixtures are not deproteinized, it is important to dilute and wash the ribosomes immediately after incubation, to use cold buffer, and to allow relatively little air to be pulled through the filter during the washing procedure. The filter was removed from the holder, glued with rubber cement to a disposable planchette, and dried. Radioactivity was determined in a thin-window, gas-flow counter (20) with a C4-counting efficiency of 23 percent. In some experiments, radioactivity was determined in a liquid scintillation counter with a C'4-counting efficiency of 65 percent (21) and dried filters (not glued) were placed in vials containing 10 use of larger filters or columns packed with cellulose nitrate may be useful for preparative procedures. The retention of ribosomes by cellulose nitrate filters may be the result of absorption rather than of filtration, for filters with pores 100 times larger than E. coli 70S ribosomes can be used. The rapidity of this assay, compared to others which depend upon the centrifugation of ribosomes, has greatly simplified this study.
The data of Table 1 show that little C'-Phe-sRNA was retained on filters after incubation with ribosomes in the absence of polyU. Incubation in the presence of both polyU and ribosomes resulted in marked retention of C`4-Phe-sRNA by the filter. Ribosomes, polyU, and Mg"+ were required for retention of C'-Phe-sRNA. Spyrides (28) and Conway (29) have reported that polyU-directed binding of PhesRNA to ribosomes is dependent upon K+ or NH4+.
The addition of deacylated sRNA to reactions shortly before incubation was terminated, after C'4-Phe-sRNA binding had ceased, had little effect upon ribosomal bound C'-Phe-sRNA. The bound C'4-Phe-sRNA fraction apparently is not readily exchangeable.
In contrast, the addition of deacylated sRNA at the start of incubation inhibited C'4-Phe-sRNA binding. In other experiments, the extent of inhibition was found to be affected by the ratio of deacylated to acylated sRNA.
Deacylated sRNA added near the end of incubation often reduces background binding without polynucleotide and may afford a way of differentiating between exchangeable and nonexchangeable binding. It should be noted that the presence of a polynucleotide which is not recognized by a C14-aminoacyl sRNA (for example, polyA and C'-Phe-sRNA) also reduces background sRNA binding, perhaps by saturating ribosomal sites with specified nonexchangeable sRNA.
Characteristics of binding. The assay was validated further by demonstrating that the binding of sRNA to ribosomes was directed with specificity by different polynucleotides. As shown in Table  2 , polyU, polyA and polyC specifically directed the binding to ribosomes of C'I-Phe-, C'-Lys-, and C'-Pro-sRNA, respectively. These data agree well with specificity data obtained with a sucrosegradient centrifugation assay, reported by Nakamoto et al. (8) In the absence of polyU, relatively little C14-Phe-sRNA associated with ribJsomes. Such binding may be due to endogenous mRNA on ribosomes or in sRNA preparations. Alternatively, this binding may be nonspecific, possibly similar to that described by Cannon, Krug, and Gilbert (4).
The effect of polyA and polyC upon the rates of C14-Lys-and C14-Pro-sRNA binding to ribosomes is shown in Fig.  2 . Maximum stimulation of C4-LyssRNA binding by polyA, and of C"-Pro-sRNA binding by polyC, occurred after 10 minutes of incubation at 24? and 27?C, respectively. In this experiment, C14-Lys-sRNA binding observed in the absence of polyA was higher than that found in experiments with other sRNA preparations.
The relation between polyU or polyA concentration and the amount of C14-Phe-or C4-Lys-sRNA bound to ribosomes is shown in Fig. 3 . Binding of sRNA was proportional to polynucleotide concentration in both cases.
In experiments not presented here, the effect of pH upon sRNA binding was studied. PolyU directed C4-Phe- The binding of C'-Phe-, Ct'-Lys-, and C4-Pro-sRNA was induced with apparent specificity by pUpUpU, pApApA, and pCpCpC, respectively (Table 3) . In additional experiments, each trinucleotide had no discernible effect upon the binding to ribosomes of 15 aminoacyl-sRNA preparations, each charged with a different C'4-amino acid (C'-asparagine and C'4-glutamine-sRNA were not tested). Therefore, the specificity of each trinucleotide for inducing sRNA binding to ribosomes was high and clearly paralleled that of the corresponding polynucleotide.
The T,, of the interaction between pApApA and polyU is 17?C (33). Therefore, hydrogen-bonding between a triplet codeword in mRNA and a complementary "anticodeword" in sRNA would not by itself appear sufficient to account for the stability of the interaction between C'4-Phe-sRNA, polyU, and ribosomes. An interaction between the -CpCpA end of sRNA and ribosomes is possible, for several laboratories (3, 4, 34) have reported that removal of the terminal adenosine of sRNA greatly reduces its ability to bind to ribosomes. The participation of an enzyme in the binding process also must be considered. The data of Table 4 As shown in Table 5 , C'4-Leu-sRNA binding was stimulated with specificity by polyU, but not by the trinucleotide, pUpUpU, polyA, or polyC at 0.07M Mg+. In additional experiments, pUpUpU had no effect upon the binding of C'--Leu-sRNA at other Mg+ concentrations. These data suggest that pUpUpU may be recognized by aminoacyl sRNA with greater specificity than polyU is recognized. servation provides direct experimental support for a triplet code for phenylalanine and is in full accord with earlier genetic and biochemical studies (30, 38) . In addition, the data demonstrate that the template activity of pUpUpU equals that of the corresponding tetra-, penta-, and hexanucleotides.
In striking contrast to these results, the trinucleotide, UpUpUp, with 2'(3')-terminal phosphate, induced little or no binding of C4-Phe-sRNA to ribosomes (Fig. 8B) . The template activity of the tetra-and pentauridylic acid fractions with 2'(3')-terminal phosphate also were markedly reduced when compared to similar fractions with 5'-terminal phosphate.
As shown in Fig. 8C , UpUpU and UpUpUpU, without terminal phosphate, induced C'-Phe-sRNA binding, but less actively than pUpUpU. The template activity of the pentamer, UpUpUpUpU, was almost equal to that of pUpUpU.
Since the sensitivity of an oligonucleotide to digestion by a nuclease often is influenced by terminal phosphate, the relative stability of pUpUpU, UpUpUp, and UpUpU incubated with ribosomes at 37?C for 60 minutes was estimated by recovering mono-and oligonucleotides from reaction mixtures and separating them by paper chromatography. In each case, the expected trinucleotide was the only component found after incubation. Hydrolysis of oligoU was not observed.
The template activities of oligoA fractions with different end groups are shown in Fig. 9, A, B , and C. The results were similar to those obtained with oligoU; however, pApApA induced maximum C4-Lys-sRNA binding at one-fifth the oligonucleotide concentration required previously (compare with Fig. 8A ). The hexamer with 3'-terminal phosphate induced as much C4-Lys-sRNA binding to ribosomes as the trimer with 5'-terminal phosphate, pApApA. When reaction mixtures were incubated at 0?C (Fig. 10 ) the difference between the template activities of ApApAp and pApApA was more marked than when incubations were at 24?C.
Since each oligonucleotide preparation with 2'(3')-terminal phosphate is a mixture of molecules, some chains terminating with 2'-phosphate and others with 3'-phosphate, a trinucleotide, UpUpUp, with 3'-terminal phosphate only, was prepared and found to be in- 25 SEPTEMBER 1964 active as a template for C1'-Phe-sRNA.
Attachment of ribosomes to mRNA. It is not known whether ribosomes attach to 5'-ends, 3'-ends, or internal positions of mRNA. The template activity of trinucleotides indicates that (i) ribosomes can attach to terminal codewords of mRNA, (ii) terminal codewords are capable of specifying the first and the last amino acids to be incorporated into protein, and (iii) the attachment of a ribosome to only the terminal triplet of mRNA may provide the minimum stability necessary for codeword recognition, and possibly for the initiation of protein synthesis.
The demonstration that terminal and internal codeword phosphates strongly influence the codeword recognition process indicates that phosphate may take part in the binding of codewords to ribosomes. Watson has suggested interaction between phosphate of mRNA and amino groups of ribosomes, because 30S ribosomes treated with formaldehyde were found by Moore and Asano to bind less polyU than did ribosomes not so treated (39) .
Although terminal codeword phosphate is not required for the recognition of a codeword on a ribosome, the Terminal codewords. We suggest that 5'-terminal, 3'-terminal and internal codewords of RNA and DNA constitute separate classes of codewords, for each differs in chemical structure as shown diagrammatically in Fig. 11 . The 5'-terminal codeword contains a 5'-terminal hydroxyl, the internal codeword is attached to adjacent codewords on both sides by way of (3'-5')-phosphodiester bonds, and the 3'-terminal codeword contains 2'-and 3'-terminal hydroxyl groups. It should be noted that phosphate, linked to a terminal hydroxyl is a monoester, whereas, an internal phosphate is a diester. Therefore, the 5'-terminal, 3'-terminal, and internal codewords differ in chemical structure. To avoid confusion between the three codeword classes, the codeword with free or substituted 5'-hydroxyl will be designated the 5'-terminal codeword, and the codeword with a free or substituted 3'-hydroxyl, will be designated the 3'-terminal codeword. Internal codewords will not be designated by position. These differences raise the possibility that codewords may occur in three chemically distinct forms and that RNA and DNA may contain either one, two, or three forms of any triplet codeword, depending upon the position of the codeword in the molecule.
Sense-missense-nonsense codewords. The capacity of trinucleotides to direct the binding of sRNA to ribosomes and the ease with which the process can be assayed should provide a general igth method of great simplicity for studyase-ing the base sequence and genetic func-5'-tions of each triplet codeword. In adther dition, this method should permit the ains detailed study of interactions between then and codewords, sRNA, and ribosomes during the codeword recognition process.
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Summary A rapid, sensitive method is described for measuring C4-aminoacyl-sRNA interactions with ribosomes which are specifically induced by the appropriate RNA codewords prior to peptide-bond formation. Properties of the codeword recognition process and the minimum oligonucleotide chain length required to induce such interactions are presented. The trinucleotides, pUpUpU, pApApA, and pCpCpC, but not dinucleotides, specifically direct the binding to ribosomes of phenylalanine-, lysine-, and proline-sRNA, respectively.
Since 5'-terminal, 3'-terminal, and internal codewords differ in chemical structure, three corresponding classes of codewords are proposed. The recognition of each class in this system is described. The template efficiency of trinucleotide codewords is modified greatly by terminal phosphate. Triplets with 5'-terminal phosphate are more active as templates than triplets without terminal phosphate. Triplets with 3'-or 3' (2')-terminal phosphate are markedly less active as templates. These findings are discussed in relation to the probable functions of terminal codewords. The modification of RNA and DNA codewords, converting sense into missense or nonsense codewords, is suggested as a possible regulatory mechanism in protein synthesis.
